The effect of human milk intake on neurodevelopment in preterm infants is uncertain. Methods: We analyzed data from 611 participants in the DHA for Improvement of Neurodevelopmental Outcomes study, enrolled at ≤33 wk gestation from five Australian perinatal centers. The main exposures were (i) average daily human milk intake during the neonatal hospitalization and (ii) total duration of human milk intake before and after discharge. Outcomes were Bayley Scales of Infant Development, 2nd Edition Mental (MDI), and Psychomotor (PDI) Development Indexes. results: Adjusting for confounders in linear regression, human milk intake was not associated with higher MDI (0.2 points per 25 ml/kg/d; 95% confidence interval (CI): −0.6, 1.0) or PDI (−0.3 points; 95% CI: −1.1, 0.4). Longer duration of human milk intake was also not associated with MDI (0.1 points per month; 95% CI: −0.2, 0.3) or PDI (−0.2 points per month; 95% CI: −0.5, 0.01) scores, except in infants born 29-33 wk gestation (n = 364, MDI 0.3 points higher per additional month, 95% CI: 0.1, 0.6). conclusions: We found no associations of human milk intake during the neonatal hospitalization with neurodevelopment at 18 mo corrected age.
P
reterm infants are at high risk for neurodevelopmental impairments later in life (1, 2) , and few strategies (3) (4) (5) either before or after neonatal hospital discharge have proven effective in improving these outcomes. Promoting greater human milk intake has promise, as many observational studies (6-10) in full-term cohorts have identified positive associations of breastfeeding with later cognitive outcomes. Further, results of a large, cluster randomized trial suggest that the link observed in healthy populations between breastfeeding and cognitive development may be causal (11) .
Because preterm infants have different nutritional needs from full-term infants (12) , results from studies of full-term populations may not generalize to preterm infants. Some studies in contemporary preterm cohorts have found positive associations of human milk intake with neurodevelopment (13) (14) (15) , while others were largely null (16) (17) (18) . A recent meta-analysis (19) identified several methodologic limitations of prior studies that may account for these inconsistent findings, including a lack of data on the dose and duration of human milk intake and the potential for residual confounding, particularly by neonatal complications and socio-demographic variables.
The aim of this study was to examine associations of human milk intake with neurodevelopment at 18 mo corrected age (age from term equivalent) in infants born ≤33 wk gestation. We hypothesized that greater dose of human milk intake during the neonatal hospitalization and longer duration of human milk intake (including the period after neonatal discharge) would be associated with better outcomes; and that associations would be stronger in infants more vulnerable to neurodevelopmental impairment, including infants born small for gestational age (SGA) and lower gestational age infants. We also hypothesized a stronger association in female infants vs. males because docosahexaenoic acid (DHA), a key nutrient in human milk, appears to confer a greater neurodevelopmental benefit to females than males (20) . Table 1 overall and according to quartile of human milk intake during the neonatal hospitalization. Table 2 describes human milk intake and Bayley Scales of Infant Development, 2nd Edition (Bayley-II) scores at 18 mo corrected age for the study cohort. Average human milk intake during the hospitalization was moderately correlated with total duration of human milk intake (Spearman r = 0.53). Table 3 shows associations of human milk intake during the neonatal hospitalization with Bayley-II scores at 18 mo corrected age. Models adjusted only for the infant's age at assessment (Model 0) and additionally adjusted for potential confounders (Model 1) yielded similar results. In Model 1, for each additional 25 ml/kg/d of human milk the Mental Development Index (MDI) score was 0.2 points higher (95% confidence interval (CI): −0.6, 1.0) and the Psychomotor Development Index (PDI) was 0.3 points lower (95% CI: −1.1, 0.4). Further adjustment for BMI gain from birth to discharge (Model 2) minimally changed estimates, and additional adjustment for linear growth had no effect (not shown). Figure 1 shows estimated mean Bayley-II scores by quartile of human milk intake in the neonatal hospitalization, with no trend evident in MDI or PDI scores across quartiles, nor any clear indication of nonlinear associations.
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Stratifying by SGA status (adjusting for age only given the small number of SGA infants) and by gestational age, sex ( Table 3) , and DHA status revealed no substantial differences in the magnitude of associations between strata.
Associations of the total duration of human milk intake with Bayley-II scores are shown in Table 4 . In the full cohort, associations with MDI and PDI were null. In infants with gestational age 29-33 wk, the MDI score was 0.3 points higher per additional month of human milk intake (95% CI: 0.1, 0.6; interaction P = 0.3), whereas for infants <29 wk gestation, the PDI score was 0.5 points lower per month (95% CI: −1.0, −0.03; interaction P = 0.06). The PDI score was also lower for infants born SGA (1.0 point lower per month, 95% CI: −2.1, −0.0). No substantial differences were seen in analyses stratified by sex or by DHA status (interaction P = 0.98 for MDI and 0.28 for PDI).
DISCUSSION
In this study of over 600 preterm infants ≤33 wk gestation, we did not find statistically or clinically significant associations of the volume of human milk intake during the neonatal hospitalization or the total duration of human milk intake with neurodevelopmental outcomes at 18 mo corrected age.
Our main results diverge from another large (n = 1,035) cohort study (13) of extremely-low-birth-weight (<1,000 g) US infants in the Neonatal Research Network, which found that for every 25 ml/kg/d human milk intake during the neonatal hospitalization, the MDI and PDI scores at 18 mo corrected age were ~1.3 and ~1.6 points higher, respectively. Those point estimates are substantially larger than ours (0.2 MDI and −0.3 PDI points per 25 ml/kg/d). The Vohr study included only extremely-low-birth-weight infants, whereas ours included heavier and more mature infants. However, our analysis of 138 infants <29 wk gestation was null for MDI, and revealed a small, negative association of human milk intake with PDI, suggesting that differences in gestational age do not explain our discrepant results. Although Vohr adjusted for several sociodemographic variables, that US cohort was substantially more diverse in race, ethnicity, education, and marital status as compared with our more homogeneous Australian cohort, raising the possibility that residual confounding explains the Vohr study's positive results. Consistent with Vohr, another study (14) of preterm infants <32 wk gestation identified a positive, linear trend in mental processing scores at 5 y of age according to duration of breastfeeding, categorized as: no mother's milk; mother's milk during hospitalization only; weaned <2 mo after discharge; weaned at or after 2 mo. It is possible that developmental assessment at 18 mo-as in our study-is too early to detect subtle effects of human milk on higher order cognitive processes better reflected in school age outcomes.
Our null results are consistent with other studies of human milk intake by preterm infants during the neonatal hospitalization, including one (17) that found no association of human milk intake through 4 wk of life with Bayley-II scores at 20 mo (reported estimate equivalent to −0.3 MDI points per 25 ml/kg/d). That study was limited by its small sample size (n = 96), evident in its relatively wide CIs. Our CIs (−0.6, 1.0 MDI points per 25 ml/kg/d) exclude most clinically important effects, although the possibility remains of small benefits with population-level importance (21) . Another study (18) that reported null results was limited by the use of a dichotomous exposure variable (predominant breast milk vs. predominant formula), which has the potential to underestimate true associations, whereas we examined human milk intake over a wide range. An international study (16) by O'Connor also found no associations of human milk intake with Bayley scores at 12 mo corrected age.
Very few studies have examined human milk intake beyond hospital discharge with respect to neurodevelopment in preterm infants. A population-based cohort of 745 infants born Articles at <37 wk gestation found that more prolonged breastfeeding appeared beneficial, for example, breastfeeding ≤2 mo vs. none was associated with a 4-point higher score on a test of picture similarities at school age (15) . Half of the infants in that cohort were never admitted to a special care nursery, suggesting they were relatively healthy, whereas infants in our cohort were all born ≤33 wk and required admission to neonatal intensive care. We found a positive association (0.3 MDI points per month of human milk intake) only in our more mature infants (29-33 wk gestation), which also suggests that continued human milk feeding may be particularly beneficial for healthier, more mature preterm infants. However, there was no statistically significant interaction and it is possible that this was a chance finding.
It is notable that evidence is inconsistent regarding benefits of human milk intake during the neonatal hospitalization on neurodevelopment in preterm infants, whereas both observational (6, 7, 10, 22) and interventional (11) studies in healthy, full-term populations have been more consistent in showing a benefit. While human milk evolved to provide optimal nutrition for full-term infants, preterm infants have different nutritional needs (12) , which is why fortification of human milk is routine practice in most neonatal units. Further, the developmental timing of human milk exposure for a preterm infant during the neonatal hospitalization differs substantially from a full-term infant after birth. Major fetal brain growth and structural development occur during the last trimester of pregnancy. For preterm infants, these developmental processes occur during the neonatal hospitalization (23) and may be particularly sensitive to the nutritional environment. In our study, we explored the role of poor growth-which itself is associated with neurodevelopmental impairment (24)-by adjusting analyses for BMI gain and linear growth during the neonatal hospitalization. This adjustment did not change estimates, but these measures are limited as proxies for specific nutritional deficiencies. Unfortunately, we did not analyze human milk composition and therefore could not report nutrient intakes. Future studies should carefully consider the timing of exposure to human milk in relation to brain development, as well as the specific nutritional needs of preterm infants both during and after the neonatal hospitalization.
Strengths of our study include a large, contemporary, multicenter cohort and the prospective, detailed data collection on the volume of human milk intake during the neonatal hospitalization. We also had data on continued human milk intake after discharge, although not as detailed as the measured intake volume recorded in the hospital. We saw little difference in estimates with or without adjustment for many potential confounders; our null results are not likely to be explained by residual confounding. Subgroup analyses were based on a priori hypotheses, but given the small sample size within subgroups, we acknowledge the possibility of chance findings. Our study population comprised infants enrolled in a randomized, controlled trial whose families were mostly well educated and Caucasian, which may have reduced confounding by socioeconomic status, but may also limit generalizability. Further, in higher socioeconomic status groups, a benefit of human milk intake may be overwhelmed by other positive environmental factors, whereas a positive impact on neurodevelopment may be greater in lower socioeconomic groups. The Bayley-II is a gold standard neurodevelopmental test, but limited in its ability to predict future abilities with high precision (25) .
Conclusion
We did not find substantial associations of human milk intake during the neonatal hospitalization with neurodevelopmental outcomes at 18 mo corrected age.
METHODS
Participants
We performed an observational secondary analysis using data from the DHA for Improvement of Neurodevelopmental Outcome (DINO) randomized trial (20) . Infants born ≤33 wk gestation were enrolled from April 2001 to October 2005 in five Australian perinatal centers. Exclusion criteria were major congenital anomalies, multiple births in which not all infants were eligible, and enrollment in other trials of fatty acid supplementation. The DINO study randomized infants to high (~1% of total fatty acids) vs. standard (~0.3%) DHA by supplementing their lactating mothers with DHA-rich tuna oil capsules or placebo and, if required, feeding preterm formula with high vs. standard DHA content. The intervention continued until term equivalent (40 wk postmenstrual age). Additional human milk fortification was standard practice (26) and provided at the discretion of the clinical team. All human milk fed to infants was their own mother's milk; donor breast milk was not used during the study period. Infants were assessed at term equivalent and at 4, 12, and 18 mo corrected age. The primary outcome for the DINO study was the Bayley-II at 18 mo corrected age. DINO found no difference in Bayley-II scores between randomized groups overall, but higher MDI scores in girls randomized to the high DHA diet (20) .
For this secondary analysis, we combined all participants into one cohort. Participant flow is detailed in the original publication (20) . Briefly, of the 657 original DINO participants, 616 (94%) completed follow-up at 18 mo. Of those, two did not cooperate with testing, so Bayley scores were unavailable. Two were not tested due to severe impairments (one with vision impairment and one with multiple medical problems and global developmental delay). One additional child was excluded because the Bayley-III rather than the Bayley-II was administered in error. Thus, in this secondary analysis, we included 611 infants, representing 93% of the original cohort. Institutional review boards of each participating center (Women's and Children's Hospital, Adelaide, South Australia; Flinders Medical Centre, Adelaide, South Australia; Royal Women's Hospital, Melbourne, Victoria; Royal Brisbane and Women's Hospital, Brisbane, Queensland; King Edward Memorial Hospital, Perth, Western Australia) approved the original study and parents provided informed consent for participation. The institutional review boards of the coordinating center (Women's and Children's Health Network, Adelaide, Australia) and Boston Children's Hospital approved this secondary analysis.
Main Exposures and Outcomes
Human milk intake volume and duration. DINO study staff recorded all nutritional intake for each participating infant 1 d/wk from birth to hospital discharge, including the volume of human milk in milliliters. It is possible to quantify the actual volume of milk ingested by hospitalized preterm infants because clinical staff administer most feedings via feeding tube or specialized bottle, in contrast to infants who directly breastfeed in whom the volume of milk intake is typically unknown. Using these data collected each week on human milk intake (ml per day) and the infant's body weight assessed in kilograms Human milk and preterm neurodevelopment Articles on the same day as the feeding data were collected, we calculated the mean ml/kg/d of human milk ingested over the course of each infant's neonatal hospitalization. We were not able to account for breast milk ingested when infants were put to breast. At follow-up visits after hospital discharge (at term equivalent, 4, 12, and 18 mo corrected age), study staff asked mothers questions about their infant's feeding to elicit the baby's main source of milk (only breast milk, both breast milk and formula, only formula); the extent of breastfeeding (exclusively breastfed, breastfed with ≥1 bottle of formula per day; exclusively formula fed); and, if the mother had stopped breastfeeding since the last visit, on which date she stopped. We calculated the total duration of human milk intake (including both direct breastfeeding and other breast milk, e.g., by feeding tube or bottle), by combining the duration of human milk intake during the neonatal hospitalization with information about duration reported by the mother at the research follow-up visits. Maternal report of breastfeeding duration is valid, particularly when recall occurs over a short period of time (27) as in our study, although we were not able to quantify the actual volume of breast milk ingested after neonatal discharge.
Neurodevelopment.
A trained psychologist or supervised psychology graduate student administered the Bayley-II when infants were 18 mo corrected age. Although all evaluators were trained in administration of the Bayley II, the interrater reliability was not assessed. The Bayley-II subscales are the MDI, which measures nonverbal and verbal cognition, and the PDI, which measures fine and gross motor skills. Both are scaled to a mean of 100 with SD of 15. Scaled scores were for the child's corrected age (age from term equivalent, which is 40 wk postmenstrual age). The range of possible scores is 50-150 points. Six children (<1% of cohort) scoring <50 on the MDI and 24 children (4% of cohort) scoring <50 on the PDI were assigned a score of 45 on that scale, consistent with scoring procedures employed for the primary study (20) . Of those, 12 children were classified as having probable or definite cerebral palsy and 1 had visual impairment. One additional child had hearing impairment.
Covariates. DINO study staff gathered data from the infant medical record about gestational age, birth weight and length, sex, plurality, maternal age, diagnoses (chronic lung disease defined as requiring supplemental oxygen at 36 wk postmenstrual age, necrotizing enterocolitis, sepsis, intraventricular hemorrhage grade 3 or 4, retinopathy of prematurity), Clinical Risk Index for Babies score (28) , and exposure to antenatal and postnatal steroids. At study enrollment, mothers were interviewed about smoking in pregnancy, education and occupation of both parents, and the number of people living at home. Introduction to solid foods was assessed at 4 mo. The Home Screening Questionnaire (29) measures aspects of the child's environment that contribute to cognitive development and was completed at the 18-mo visit. Infants were weighed and measured by trained DINO study staff weekly during the neonatal hospitalization. Weight was measured to the nearest 5 g on a calibrated electronic scale. Length was measured to the nearest 0.1 cm using a recumbent length board. We calculated BMI (kg/m 2 ) at birth and discharge, and the rate of change in BMI (kg/m 2 /wk) and length (cm/wk) from birth to discharge.
Statistical Analysis
We estimated associations of human milk intake during the neonatal hospitalization (ml/kg/d) and of total duration of human milk intake (months) with Bayley-II scores, using multivariable linear regression. We adjusted for child's corrected age at assessment (Model 0) and additionally adjusting for potential confounders including birth characteristics (birth weight percentile (30), gestational age, sex, plurality); neonatal health (diagnoses, antenatal and postnatal steroids, Clinical Risk Index for Babies score); and sociodemographic variables (maternal age, maternal and paternal education and occupation, maternal smoking, number of people living at home, and Home Screening Questionnaire score) (Model 1). In separate models (Model 2), we adjusted for BMI gain and linear growth to test the a priori hypothesis that poorer growth in human milk-fed infants was a negative confounder, such that adjustment for growth (to "remove" the adverse effect of human milk on growth) would strengthen associations. In analyses of total duration of human milk intake, we additionally adjusted for solid food intake at 4 mo (yes vs. no). Because 34% of participants were multiples, we used generalized estimating equations to account for clustering. We used least square means to estimate the adjusted mean Bayley-II scores (95% CI) in each quartile of human milk intake in the neonatal hospitalization.
We performed separate analyses stratified by fetal growth status (SGA (birth weight percentile (30) <10) or non-SGA), gestational age (<29 wk or 29-33 wk), and sex. Because the DINO study was originally a randomized trial of DHA supplementation, we also stratified by high or standard DHA and calculated an interaction term. We used SAS 9.3 (SAS Institute, Cary, NC) for all analyses. 
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